Controlled decoherence of free electrons due to Coulomb interaction with a truly macroscopic environment, the electron (and phonon) gas inside a semiconducting plate, is studied experimentally. The quantitative results are compared with different theoretical models. The experiment confirms the main features of the theory of decoherence and can be interpreted in terms of which-path information. In contrast to previous model experiments on decoherence, the obtained interferograms directly visualize the transition from quantum to classical. DOI: 10.1103/PhysRevLett.98.200402 PACS numbers: 03.65.Ta, 03.65.Yz, 03.75.ÿb According to the quantum superposition principle, all linear combinations of possible states of a system should be allowed states as well. But for macroscopic objects no such superpositions seem to exist. This apparent paradox was already noticed in the early days of quantum mechanics [1] [2] [3] and is illustrated most drastically by the prominent example of Schrödinger's cat [1] . The paradox is resolved by the theory of decoherence [4 -7]. Decoherence is the emergence of classical features of a quantum system resulting from its unavoidable -and in general irreversible -interaction with the environment. Macroscopic objects, in particular, can never be isolated from their environment; i.e., they constitute an open quantum system. Objects interacting with an environment get entangled with this environment, thereby phase relations between the formerly superposed object states are distributed over the total system. Then, by looking at the object alone, no phase relations can be observed-phase coherence seems to be lost. So the object state appears to be an incoherent mixture instead of a superposition; i.e., one seems to deal with a classical ensemble.
According to the quantum superposition principle, all linear combinations of possible states of a system should be allowed states as well. But for macroscopic objects no such superpositions seem to exist. This apparent paradox was already noticed in the early days of quantum mechanics [1] [2] [3] and is illustrated most drastically by the prominent example of Schrödinger's cat [1] . The paradox is resolved by the theory of decoherence [4 -7] . Decoherence is the emergence of classical features of a quantum system resulting from its unavoidable -and in general irreversible -interaction with the environment. Macroscopic objects, in particular, can never be isolated from their environment; i.e., they constitute an open quantum system. Objects interacting with an environment get entangled with this environment, thereby phase relations between the formerly superposed object states are distributed over the total system. Then, by looking at the object alone, no phase relations can be observed-phase coherence seems to be lost. So the object state appears to be an incoherent mixture instead of a superposition; i.e., one seems to deal with a classical ensemble.
Decoherence is not only important for explaining the apparent absence of macroscopic superpositions but it is also of significance for the quantum measurement problem (which, however, is not completely solved by decoherence [6] ). The understanding of decoherence is also indispensable for applications; e.g., decoherence is a major obstacle to construct a quantum computer.
In order to study the transition from quantum to classical behavior, it is necessary to use a microscopic object because for macroscopic objects with their closely spaced energy levels decoherence takes place almost instantaneously. Since the existence of a quantum mechanical superposition manifests itself most clearly in the existence of interference fringes, their disappearance in the presence of a deliberately inserted environment can demonstrate the emergence of classicality (although ultimate care has to be taken to rule out noise and other ''trivial'' reasons for the loss of visibility). Therefore matter-wave interferometers are devices that are especially suitable for investigating the onset of decoherence, which has indeed been demonstrated in a couple of model experiments. In these experiments, decoherence due to the emission (e.g., [8, 9] ) or escape [10] of photons or due to collisions with gas molecules (e.g., [11] ) was studied.
In this Letter we present an experiment proposed by Anglin and Zurek [12, 13] in which a novel mechanism of decoherence is investigated, Coulomb interaction with a truly macroscopic and dissipative environment, namely, the electron (and phonon) gas inside a resistive plate. Because of the macroscopic nature of the environment, this experiment resembles the action of decoherence in the ''real world.'' As the object system, a free electron is used. The electron is one of the most elementary particles, and due to the absence of magnetic fields in our setup, its spin is irrelevant. Consequently, no inner degrees of freedom can be excited and entangled with the center of mass coordinates. The present setup allows one to study decoherence as a function of two different parameters. While the quantitative results of our experiment allow for precise comparison with existing and future theoretical models of the examined system, the qualitative results confirm the main features of the general theory of decoherence, are comprehensible in terms of which-path information, and even visualize the quantum-classical transition in single interferograms.
For our experiment, we use an electron biprism interferometer [14] of the compact rigid type [15] which is insensitive to mechanical vibrations and to alternating electromagnetic fields. As environment, a semiconducting plate (see Fig. 1 ) is employed, namely, a piece of an n-doped silicon wafer with a resistivity of 1:5 cm and a length of 10 mm. The electron beam emerging from a cold tungsten field emitter (diode system; acceleration voltage 1.665 kV) is split into two parts by a negatively charged electron-optical biprism filament (diameter less than 1 m) which also deflects them apart from each other. They are redirected toward each other by an electrostatic quadrupole with its electrodes in the plane of the beams negatively charged (see Fig. 1 ; only the beam path of an electron impinging on a certain point in the primary interference plane is shown in the figure). Before the two parts of the beam meet again, they travel over the resistive plate with a lateral separation x at exactly the same, small height z. Fine adjustment of the beams with respect to the plate is achieved by deflectors and coils (not given in Fig. 1 ). Where the two beams merge, an interference pattern is formed which is then magnified by electrostatic quadrupoles (also not shown in Fig. 1 ). Its intensity is amplified by a dual-stage channel plate image intensifier, transferred to a CCD camera by tapered fiber optics, and evaluated with an image processing system.
When an electron passes a conducting plate (see Fig. 1 ), it induces charges in the plate. As the electron moves, so does the induced charge. According to Anglin and Zurek [12, 13] , the resulting current inside the plate encounters Ohmic resistance; this leads to dissipation, there is Joule heating which quantum mechanically means that the state of the electron and phonon gas inside the plate is disturbed. However, in his quantum theoretical calculation, Machnikowski [16] came to the conclusion that already the process of formation of the image charge is to a large extent dissipative, even if there is no carrier-phonon scattering and heating is due to excitations of the electron gas alone. But in any case, the disturbance (heating) is located at different places for the two parts of the electron beam. This can equivalently be interpreted either [12, 16] in terms of the availability of which-path information (which is not actually read out in the experiment) or in terms of entanglement between beam electron and plate. Because dissipation is an irreversible process, a record of the electron's path remains even when the electron has passed the plate. As a consequence, the visibility of the interference fringes is reduced when the two parts of the beam are recombined. The disturbance of the electron (and phonon) gas is the stronger the closer the beam electron passes the plate, and the two disturbed states corresponding to the two paths of the electron are the more orthogonal to each other the larger their lateral separation (until the disturbed regions are sufficiently separated). So decoherence is expected to increase with decreasing height z above the plate and with increasing lateral separation x between the two interfering paths. Varying x and z allows one to investigate the dependence of decoherence on two parameters. By sending electrons in different heights through the interferometer and accumulating the arrival sites at the image intensifier, the transition from quantum to classical becomes directly observable in a single interferogram: the fringe contrast decreases continuously with decreasing distance z from the plate (see Figs. 1 and 2 ). The lateral separation between the beams can be varied by adjusting the biprism voltage. Figure 2 shows the interference fringes in heights above the plate ranging from z 0 m (bottom) to z 28:5 m (top), for different values of the lateral separation x between the interfering beams. The decrease in fringe visibility with decreasing height above the plate is due to decoherence alone. The decrease in visibility from 1 . Sketch of the decoherence experiment. Electron waves emerging from the source are split by the negatively charged biprism filament, placed between earthed plates, and deflected apart from each other. The electrostatic quadrupole directs them toward each other again. Before they meet, they travel over a resistive plate at the same, small height z, but with a lateral separation x. The induced charges moving with the beam electron lead to a disturbance in the electron (and phonon) gas inside the plate. For the two electron trajectories, the corresponding disturbance (shaded areas) is located in different regions. Therefore entanglement between beam electron and plate is formed. The available which-path information increases with decreasing height over the plate, leading to decreasing fringe contrast in the interferogram (right-hand side). On the bottom of the fringe pattern the shadow of the plate is visible in black. Fig. 2(a) to Fig. 2(h) is caused by both increasing decoherence and decreasing angular coherence for smaller fringe spacings. The latter effect had to be corrected for in the quantitative analysis of decoherence (Fig. 3) . The values for the height z were calibrated by mechanically moving the plate with a micrometer screw. The values for the lateral separation x (at the position of the plate) were taken from ray tracing simulations using transfer matrices [17] .
Deficiencies of the image acquisition system were corrected by subtracting dark images and normalizing with flat field images, leading to the interferograms shown in Fig. 2 . In order to obtain quantitative values for the visibility as a function of the height over the resistive plate, the background of scattered electrons was then subtracted and the modulation of the fringes by Fresnel diffraction at the edges of the filament was removed. The corrected intensities were averaged over 10 rows of pixels of the CCD camera. The resulting visibility was then divided by its value (at the same lateral separation) far away from the plate where the effect of decoherence is negligible and fringe contrast is independent of height. This procedure removed the influence of angular coherence, of the modulation transfer function of the imaging system, of a slight inclination of the fringes with respect to the camera's columns, of height-independent longitudinal coherence, of a possible intensity difference (being independent of height) between the beams, etc. The resulting ''relative'' visibility is plotted in Fig. 3 . Other reasons for the observed decrease in fringe contrast could be ruled out as well: For example, if longitudinal coherence were height dependent (caused, e.g., by charging of local dust particles on the plate surface), visibility would be enhanced [18, 19] in different heights for different excitations of the Wien filter (crossed-field analyzer) which is incorporated in the interferometer. A height-dependent difference in intensity between the beams would be observable at biprism voltages where there is no overlap between the two parts of the wave. Time-dependent charging (on a time scale shorter than the decay time of the phosphor of the image intensifier) of the dust particles on the plate surface could also lead to a washing out of fringes, but this effect would also reduce the visibility of the diffraction pattern of a charged dust particle on the biprism filament differently in different heights, which was not the case. If the two interfering beams pass the plate in different heights, their energy loss is different, and there will result an energy difference between them; under certain circumstances [20] , this could also decrease the visibility, but this possibility could be ruled out by rotating the beams around the optical axis by means of an adjustment coil, thus changing the difference in height continuously. Decoherence due to vacuum fluctuations in empty space or in the vicinity of a perfectly conducting boundary [21] would likewise reduce fringe contrast, but this effect is much smaller [21] than the observed decrease in visibility. As a result, decoherence due to dissipation in the semiconducting plate is the only possible explanation for the observed decrease in ''relative'' visibility shown in Fig. 3 .
In the original proposal by Anglin and Zurek [12, 13] a classical estimation of the expected strength of decoherence is given, based on the dissipation rate. Using the connection between relaxation time and decoherence time [22] [12, 13] ; full line: expÿfx=z with x=z =16x=z 2 and f 4:13 resulting from the fits corresponding to Machnikowski's calculation [16] . The fluctuations of visibility are mainly due to shot noise [especially in (a)], and for (g) due to the fact that fringe spacing is not much larger than the pixel size. The magnitude of the visibility fluctuations for (a) -(g) is 0.101, 0.054, 0.028, 0.039, 0.040, 0.057, and 0.067, respectively. The interferogram in Fig. 2(h) was not used for evaluation because of its low signalto-noise ratio, caused by lack of angular coherence at large lateral separation of the interfering beams. Petruccione [24] , and Zurek [7] , the decoherence time should be d 4h 2 z 3 =e 2 k B Tx 2 , where h is Planck's constant, e is the elementary charge, k B is the Boltzmann constant, T is the temperature (our experiment was conducted at room temperature), and is the resistivity of the plate. The formula should be valid for z 4 0 v, where 0 is the permittivity of vacuum and v the velocity of the beam electron. The relative visibility should then be given by V rel expÿt flight = d with t flight being the time of flight of the electron over the plate. The fits (fit parameter b) to the experimental data with expÿb=z=m 3 are also shown in Fig. 3 (dashed lines) , together with the values for b. The agreement between fit and experimental values is not perfect, but reasonable. b is expected to be a quadratic function of x, which is very well fulfilled [ Fig. 3(h) ], giving a fit factor [20] a 10:9 for the fit b ax=m 2 . The numerical strength of decoherence, however, is smaller in the experiment by a factor of 106; calculation of errors [20] , accounting for uncertainties in V rel , x, and z, yields a 10:9 13:6 ÿ5:8 while the value resulting from Anglin and Zurek's calculation for the parameters in the experiment is a theor 1159 353. Stimulated by our experiment, Machnikowski [16] has done a calculation using the many-body quantum description of the electron gas. Though his theory is worked out for metals, the decoherence effect is expected to be qualitatively similar for semiconductors [16] . Machnikowski predicts a dependence of visibility according to V rel expÿfx=z with the ''geometrical'' function x=z =16x=z 2 and a prefactor f not yet known for semiconductors. The fits with this function yield slightly different parameters f for the individual values of x. Calculation of errors [20] , again accounting also for uncertainties in V rel , x, and z, gives f 4:13 4:59 ÿ2:01 . The function expÿfx=z with f 4:13 is plotted as solid lines in Fig. 3 and is in very good agreement with the experimental data. Also motivated by our experiment, Levinson [25] has done a calculation based on quantum electromagnetic field fluctuations in the presence of dissipation. Unfortunately, some of the assumptions of this calculation, namely =4 0 k B T=@ and =4 0 c=z [with the conductivity 1=, @ h=2, and c the speed of light in vacuum], are not fulfilled in our experimental situation. Therefore his results are not applicable to the present experiment.
In conclusion, we have been able now to record pictures of the continuous transition from quantum to classical behavior. The results confirm the main features of the theory of decoherence. Quantitatively, the decrease in visibility and the corresponding decoherence times are in reasonable to very good agreement with existing theoretical results. Last but not least, our data will also be valuable for the advancement of current theoretical models-the initial purpose intended by Anglin and Zurek's proposal [12, 13] and one of the reasons they called this experiment a ''precision test of decoherence.' ' We acknowledge support by Deutsche Forschungsgemeinschaft and thank Y. Levinson and P. Machnikowski for extended quantum calculations of the electron decoherence experiment.
